Myelin is made by highly specialized glial cells and en-
Introduction
Ne urodegenerative diseases comprise a spectrum of illnesses characterized by progressive neuronal, synaptic, and axonal loss. Clinically they manifest as dementia with declining overall cognitive abilities (language, problem-solving, and memory) and/or movement impairments. The neurological symptoms manifested in each disease depends largely on the part of the nervous system that is primarily affected. Classical neurodegenerative diseases in which a large proportion of cases are sporadic include Alzheimer disease (AD), amyotrophic lateral sclerosis (ALS), and multiple system atrophy (MSA). A common risk factor for all of these sporadic neurodegenerative diseases is aging. Life expectancy is increasing globally leading to a steady rise in disease prevalence that is putting an enormous financial burden on the healthcare system. Why aging constitutes the greatest risk factor for neurodegenerative diseases remains poorly understood. Intriguingly, myelinated white matter integrity is significantly affected by aging, more so than gray matter.dent of the presence or absence of myelin itself. 2, 3 With this in view, we aim to discuss the emerging role of dysfunctional axon-oligodendrocyte coupling in neurodegenerative diseases.
Axon-oligodendrocyte coupling
Myelination of axons in the nervous system of vertebrates is essential for rapid impulse propagation. During development, portions of the peripheral nervous system mature first, followed by the spinal cord and the brain. Glial cells, notably oligodendrocytes in white matter tracts and Schwann cells in peripheral nerves, enwrap segments (internodes) of axons with their plasma membranes. Most of the longitudinal expansion of internodes coincides with secondary axon elongation during body growth, a process which in humans takes decades. 4 In the neocortex myelination continues at least through to the end of the second decade.
White matter tracts comprise about 50% of the human brain and constitute the unusual cellular underpinning of long-range "connectivity." Many intracortical axons are also myelinated. Cortical projection neurons and spinal motor neurons can have a cellular volume, >99% which consists of long axonal projections. These axons are far away from their neuronal somata, where genetic information is read out, presynaptic proteins are synthesized, and output of a spiking neuron is determined at the axon hillock. However, axons are always physically close to glial cells.
In recent years, our understanding of oligodendrocyte and Schwann cell function has seen a paradigm shift that will be relevant for human brain disease and possibly for the development of new therapies. It has become clear that myelinating glial cells maintain the long-term integrity and survival of the axons that they ensheath, independent of the presence or absence of myelin itself. [5] [6] [7] Specifically, oligodendroglial energy metabolism switches after myelination to aerobic glycolysis, where glycolysis products (ie, pyruvate or lactate) are transferred by diffusion into the myelinated axon to support mitochondrial respiration. 8, 9 Diffusion of metabolites through the myelin sheath occurs through minute cytosolic (20 to 300 nanometers wide) channels that coalesce into a continuous system of tubes, collectively termed "myelinic channels." 10 Indeed, it is the nearly complete encapsulation of axons by myelin itself, which deprives the neuronal compartment of rapid access to extracellular metabolites (ie, glucose), and which makes oligodendroglial metabolic support so important. Unmyelinated axons can also be supported by astrocytes. Thus, similar to astrocytes that drive the "lactate shuttle" at cortical synapses, oligodendrocytes serve the additional function of metabolically supporting the axons they ensheath.
The integrity of myelinic channels is maintained in part by the antagonizing roles of two widely studied myelin structural proteins; myelin basic protein (MBP) which acts as an adhesive zipper in the formation of compact myelin, 11 and 2',3'-cyclic nucleotide phosphodiesterase (CNP) which prevents "complete" myelin compaction.
12 CNP knockout mice show axonal degeneration in myelinated fibers in the presence of functional myelin, demonstrating that oligodendrocytes play an important role in axonal support that is independent of myelination. 7 Conversely, MBP knockout mice (known as "shiverer" mice), are able to support axons and show no axonal loss in the absence of myelination. 5 Recently it has been proposed that oligodendroglial support of axons is controlled by activity-dependent glutamate release that increases oligodendroglial glucose uptake and glycolytic support of fast-spiking axons. 13 In this way, glutamate released from axons activates oligodendroglial N-methyl-D-aspartate (NMDA) receptors which in turn increases the expression of oligodendroglial cell surface glucose transporter 1 (GLUT1). Lactate is subsequently released towards the axon via monocarboxylate transporter 1 (MCT1) and taken up from the periaxonal space by axonal monocarboxylate transporter 2 (MCT2), 8 as illustrated in Figure 1 . mice with FRET-based ATP sensors in the axonal compartment suggest that lactate support is more critical at higher spiking frequency.
14 However, oligodendrocytes also deliver glucose to the myelinated axons, at least in the subcortical white matter. 15 
Alzheimer disease
AD is the most common form of dementia, currently affecting more than 47 million people worldwide. Symptoms include memory loss, problems with language, disorientation, and mood swings, all of which progressively decline during the disease course. Morphologically, this correlates with synapse and neuronal loss apparent as widespread brain atrophy. On a molecular level, AD is characterized by extracellular deposits of amyloid-β (Aβ) and intracellular accumulation of hyperphosphorylated tau. A number of hypotheses have been proposed to explain the mechanism by which these pathophysiological protein aggregates lead to neuronal and synaptic loss in AD. The most common of these, is the amyloid cascade hypothesis which postulates that the build-up of Aβ in various forms acts as an initial disease trigger. 16 Aβ is generated from the amyloid precursor protein (APP) by sequential cleavage of β-secretase (BACE1) and the g-secretase complex (containing presenilin 1 or PSEN1), mainly in the endolysosomal compartment. While most cases are sporadic, the discovery of inherited forms of the disease has fueled the development of AD mouse models by introducing APP and PSEN1 transgenes harboring human/humanized sequences with familial AD mutations.
Although AD is classically considered a gray-matter disease, white-matter alterations are also common. Several neuroimaging studies have found an exacerbated decline of white matter integrity in AD patients. Intriguingly, this was also shown for presymptomatic adults that were at an increased risk of developing AD. [17] [18] [19] [20] These findings indicate that myelin changes are an early feature of AD and thus could play a key role in disease etiology. Of note, early neuropathological observations by Braak and Braak (1996) 21 suggested an inverse temporal relationship between AD pathology and myelination: late and thinly myelinated regions of the cortex that suffer most from age-dependent myelin breakdown are susceptible to AD pathology, while heavily and early myelinated tracts such as the spinal cord remain unaffected until the late phases of the disease. Such findings prompted Bartzokis to hypothesize that age-related myelin breakdown which is observed in the cortex and the accompanying repair processes are crucial factors initiating AD. 22 This myelin hypothesis centers on the unique vulnerability of oligodendrocytes and myelin to become damaged upon aging due to their high cholesterol and iron content, slow protein, and lipid turnover, the elaborated production and maintenance of the myelin sheath and their continuous proliferation/differentiation throughout life. This hypothesis is supported by electron microscopic analyses of aged brains in non-human primates, 23 and by recent "omic" approaches that show oligodendrocyte/myelin gene and protein modules to be significantly altered in AD patients. 24, 25 Intriguingly, genome-wide association studies also identified bridging integrator 1 (BIN1), a protein which is primarily expressed by oligodendrocytes, as the second greatest genetic risk factor for AD after ApoE4. 26 However, only a few patient and animal studies have examined the role of oligodendrocytes and myelin breakdown in AD in more detail. [27] [28] [29] [30] [31] These studies describe focal demyelination around Aβ deposits (as illustrated in Figure 1 ) and a loss of oligodendrocyte lineage cells in AD patients. 27 Intriguingly, this is met by an increased proliferation response of oligodendrocyte precursor cells in an AD mouse model, a process which seems to fail in AD patients. 27 Inherently, animal studies aimed at describing oligodendrocyte alterations in AD mouse models are limited to observing myelin changes secondary to AD (neuronal) protein aggregation and do not test Bartzokis' hypothesis that oligodendrocyte dysfunction drives Aβ production. The neurocentric view of AD has established the dogma that neurons are the primary producers of Aβ and accordingly animal models have been developed in which the transgenes are driven by neuronal promotors, for example the Thy1-driven APP/PSEN1 transgene in the widely used 5xFAD mouse model. 32 However, the Aβ producing machinery, including processing enzymes, is expressed in many non-neuronal cell types including oligodendrocytes. 33 Interestingly, the selective inactivation of Aβ production from excitatory neurons does not affect amyloid burden in an AD mouse model with ubiquitous expression of a mutant APP transgene, which raises a question regarding the extent to which glial cells contribute to Aβ production. 34 The established AD animal models also suffer from ar-tefacts caused by the use of non-endogenous promotors to drive the expression of the APP and PSEN1 transgenes. These include overexpression of transgenes and an atypical region specificity of amyloid burden. Recently, Saito and colleagues generated several APP knock-in mice in which a humanized and mutated APP Figure 1 . Axon-oligodendrocyte coupling in health and neurodegenerative disease. (A) In the healthy central nervous system, oligodendrocytes provide trophic support to axons by the transfer of energy-rich molecules (ie, lactate) from the oligodendroglial compartment to the axonal compartment. Lactate is released into the periaxonal space via MCT1 and is taken up by axons via MCT2, where it is used to fuel mitochondrial respiration. MBP acts as a zipper in the formation of compact myelin. In the neurodegenerative diseases AD (B), ALS (C), and MSA (D), pathological protein aggregates accumulate in the oligodendroglial cytoplasm and in the periaxonal space which could physically disrupt motor-driven transport and the free diffusion of metabolites (ie, lactate) from the oligodendroglial to the axonal compartment. In ALS, decreased expression of MCT1 would directly impair the ability of oligodendrocytes to provide metabolic support to axons. Demyelination is observed in all three diseases and it is associated with decreased expression of MBP in ALS and MSA. Impaired metabolic support together with mitochondrial dysfunction leads to decreased ATP supply and subsequent axonal dysfunction. version is driven by the endogenous promotor. 35 Therefore, these animal models should recapitulate human amyloidosis more closely and will allow for exploring the contribution of different cell types to cerebral Aβ load.
In summary, there is strong suggestive evidence for oligodendrocyte and myelin disturbances in AD. Bartzokis' hypothesis of myelin breakdown initiating AD was published before the role of oligodendroglia in metabolic support of axons was known. Could agedependent pathological changes in oligodendrocytes compromise this trophic support function rather than myelination status per se? In support of this extended hypothesis, it was shown that myelinic channels, which are necessary for trophic support, are themselves vulnerable to aging, as evidenced by the striking downregulation of CNP in aged mice. 36 It is tempting to speculate about the role of dysfunctional metabolic coupling of oligodendrocytes and axons in the manifestation of AD: one plausible mechanism is a decline of trophic support in aged and structurally perturbed myelin leading to axonal energy deprivation manifesting in impairments of axonal transport, reduced lysosomal acidification, and lysosomal degradation of BACE1 which then exacerbates Aβ production. Such a mechanism would be in accordance with different lines of evidence demonstrating enhancement of Aβ production by pharmacological energy deprivation, 37 reduction of axonal transport rates 38 as well as impairments of lysosomal trafficking. 39 Metabolic support decline could affect tau phosphorylation and accumulation by very similar mechanisms. [40] [41] [42] Intriguingly, a recent study from the Stys lab identified Aβ threads in the periaxonal space underneath the myelin sheath in white-matter regions in an AD mouse model. 43 While difficult to see microscopically, it seems likely that such periaxonal Aβ aggregates are a burden on both communication and metabolite shuttling between the axon and the oligodendrocyte/myelin compartment. This could for example represent an early (premorbid) disease state of the white matter, which is too densely packed to develop "mature" Aβ plaques as observed in the gray-matter. However, Aβ plaques do exist in the white matter in both animal models and patients. 44 In the context of our hypothesis of reduced metabolic support driving Aβ production, such findings could even argue for a vicious circle between disruptive Aβ accumulation and functional loss of oligodendrocyte-axon coupling.
Amyotrophic lateral sclerosis
ALS, also known as Lou Gehrig's disease, is the most common form of motor neuron disease. Characterized by the progressive failure of the motor neurons required for normal muscle function, ALS is a very debilitating and ultimately fatal condition. The majority of ALS cases are sporadic, while only 10% of cases are caused by inherited genetic mutations. To date, mutations in over 20 different genes have been identified as causative of familial ALS. 45 Of these, mutations in the genes encoding superoxide dismutase 1 (SOD1), fused in sarcoma (FUS), transactive response DNA binding protein 43 (TDP43), and hexanucleotide repeat expansions in chromosome 9 open reading frame 72 (C9ORF72), have been the most widely studied. The discovery of these disease-causing mutations has led to the development of several ALS animal models, of which the mutant SOD1 mouse model has been the most widely used. 46 Both sporadic and familial forms of the disease are clinically and pathologically similar, therefore investigation into the pathogenesis of familial ALS is likely to provide insight into both forms of the disease. 47 Most intriguing is the fact that, although mutant forms of these proteins are ubiquitously expressed, one cell type (the motor neuron) is predominantly affected. While the reasons for the heightened susceptibility of motor neurons to familial ALS-causing mutations remain unknown, the high energetic demand of motor neurons is likely to be an important factor.
More recently it has been recognized that ALS is a non-cell autonomous disease in which glial cells, including astrocytes, microglia, and oligodendrocytes, play an important role in disease pathogenesis. 48 Specifically, the role of oligodendrocytes in supporting axonal energy metabolism, raises the possibility that oligodendrocytes may play a hitherto underestimated role in ALS that is characterized by the deterioration of energy-hungry motor neurons. Some motor neurons can be significantly long (>3 feet) and are therefore particularly dependent on the metabolic support of oligodendrocytes. 48 Indeed, there is a wealth of emerging evidence demonstrating oligodendroglial dysfunction in ALS, as reviewed in ref 49 . Multiple recent studies have demonstrated the presence of inclusions that contain ALS-linked proteins within oligodendrocytes. For example, several studies observed the presence of TDP-43-containing oligodendroglial cytoplasmic inclusions T r a n s l a t i o n a l r e s e a r c h in the motor cortex and spinal cord of ALS patients [50] [51] [52] and TDP-43 mutant mice. 53 Another study found FUScontaining oligodendroglial cytoplasmic inclusions in the CNS of ALS patients with mutations in the FUS gene, and the abundance of these inclusions correlated with disease onset.
54 SOD1-containing cytoplasmic inclusions were also recently observed in cultured oligodendrocytes derived from sporadic or familial ALS patients with mutations in the SOD1 or TDP-43 genes. 55 Another study detected mutant SOD1 via immunoelectron microscopy in the periaxonal oligodendroglial cytoplasm of SOD1-G93A mutant mice. 56 Taken together, these studies indicate that the presence of oligodendroglial inclusions containing ALS-linked proteins is a common pathological feature of multiple sporadic and familial forms of ALS. This leads to the intriguing hypothesis that aberrant protein aggregates in ALS could physically disrupt motor driven transport and the free diffusion of metabolites (ie, lactate) from the oligodendroglial to the axonal compartment by "clogging" myelinic channels.
Progressive gray-matter demyelination and reactive changes in NG2+ oligodendrocyte progenitor cells (OPCs) were observed in the motor cortex and spinal cord of both sporadic and familial ALS patients as well as in SOD1-G93A mutant mice. 57 Of particular interest is the fact that oligodendrocytes in the spinal cord of SOD1-G93A mutant mice start to degenerate before the first clinical symptoms of motor neuron degeneration are detectable. 51, 57 Presumably, in an attempt to compensate for this loss, OPCs exhibit increased proliferation and differentiation in the spinal cord of SOD1-G93A mutant mice, essentially replacing the lost oligodendrocytes such that there is no overall change in oligodendrocyte numbers. 58, 59 However, the newly formed oligodendrocytes fail to mature, resulting in progressive demyelination. Failure to mature is evidenced by decreased expression of proteins essential to oligodendrocyte function, including MBP and MCT1, 9, 51 as illustrated in Figure 1 . Decreased MCT1 expression is thought to decrease the ability of oligodendrocytes to export lactate/pyruvate and would therefore limit their ability to provide metabolic support to the axons they ensheath. This is consistent with the fact that decreased MCT1 expression is only seen in affected ALS tissues including the spinal cord and motor cortex while unaffected brain regions show normal MCT1 levels. Indeed the fact that the newly generated oligodendrocytes in the SOD1-G93A mutant mouse spinal cord are often associated with degenerating axons, 57 indicates that the expression of mutant SOD1-G93A could impair the ability of these oligodendrocytes to provide the necessary trophic support to axons.
Lastly, evidence pointing to a key role for oligodendrocytes in precipitating ALS disease onset, comes from a study which found that selective removal of mutant SOD1 from NG2+ OPCs via PDGFRα-creER driven recombination substantially delayed disease onset and prolonged survival in ALS mice. 57 This was associated with a rescue in MCT1 expression at disease onset, indicating that oligodendroglial metabolic support of axons could play an important role at disease onset. Further evidence to support this comes from a recent study which showed that human-induced pluripotent stem cell-derived (iPSC-derived) oligodendrocytes obtained from both sporadic and familial (expressing either mutant SOD1 or mutant TDP43) ALS patients were significantly impaired in their ability to produce and release lactate into the extracellular environment, and this decreased motor neuron survival in co-culture. 55 These studies indicate that in a human neurodegenerative disease oligodendroglial dysfunction likely accelerates disease progression by depriving motor neurons of essential metabolic support.
Multiple system atrophy
Multiple system atrophy (MSA) is a late-onset, progressive, neurodegenerative disease involving multiple brain regions and systems including motor impairment, behavioral alterations and autonomic dysfunction. 60 The majority of MSA cases are sporadic, although a loss-of-function mutation in the COQ2 gene which encodes the coenzyme Q10-sythesizing enzyme 4-hydroxybenzoate polyprenyltransferase has recently been linked to the disease in a Japanese cohort of patients. 61 Alongside Parkinson disease and dementia with Lewy bodies, MSA is part of a large group of neurological disorders known as α-synucleinopathies that are characterized by the presence of α-synuclein protein aggregates. 62 The postmortem diagnosis of MSA is based on the identification of α-synuclein-positive (oligodendro)glial cytoplasmic inclusions (GCIs), which are the distinctive pathological hallmark of the disease. 63 The pathogenesis of MSA remains poorly understood, therefore replicating the disease in mouse models has been challenging. 64 To date, the most widely used mouse models of MSA involve the expression of human α-synuclein from oligodendroglial promoters (PLP, CNP, or MBP), all of which replicate the α-synuclein-positive GCIs seen in MSA but fail to fully replicate the disease phenotype. 64 Unlike Parkinson disease where α-synuclein inclusions are mostly seen in neurons, the presence of α-synuclein inclusions mostly in oligodendrocytes in MSA led to the classification of the disease as a primary oligodendrogliopathy. 65 Although neuronal cytoplasmic inclusions (NCIs) containing α-synuclein are less frequently found in MSA, the fact that the distribution and severity of neurodegeneration reflects subregional GCI densities supports the view that oligodendrocytes play a central role in disease pathogenesis. Similar to Lewy bodies in Parkinson disease, α-synuclein in GCIs in MSA is also phosphorylated at residue Ser-129 and ubiquitinated. [66] [67] [68] The gene for α-synuclein is not abundantly expressed in mature oligodendrocytes, 33 but several studies have shown that α-synuclein oligomers can be released by neurons and then taken up by surrounding oligodendrocytes to form GCIs. 68, 69 Indeed, recent evidence suggests that misfolded α-synuclein may transcytose in a "prionlike" fashion to spread the disease throughout the nervous system. These studies also showed that MSA patient-derived brain biopsy homogenates containing α-synuclein, when injected into mice expressing human wild-type α-synuclein, triggered aggregation, and phosphorylation of the wild-type α-synuclein which initiated a neurodegenerative cascade. 70, 71 Another recent study found that oligodendroglial GCIs-derived α-synuclein was much more potent at inducing α-synuclein aggregation in injected mice when compared with neuronal Lewy body-derived α-synuclein. 72 Furthermore, the same study also found that oligodendrocytes but not neurons transformed misfolded α-synuclein into a GCI-like strain, highlighting the fact that oligodendrocytes play a central role in disease pathogenesis.
Demyelination throughout the nervous system is frequently observed in MSA patients and is associated with a reduction in myelin lipids, including sphingomyelin, sulfatide, and galactosylceramide, all of which play an important role in myelin integrity and function. 73 Furthermore, alterations in the subcellular localization of tubulin polymerization-promoting protein/p25α (TPPP/p25α) in MSA oligodendrocytes is significantly correlated with decreased MBP expression in degenerating tracts, 74 as illustrated in Figure 1 . TPPP/p25α is normally expressed in the nucleus, cytoplasm, and cellular processes of myelinating oligodendrocytes and functions in the stabilization of microtubules and the differentiation of oligodendrocytes. 75, 76 The relocation of TPPP/p25α from the nucleus and myelin sheath to the oligodendroglial cytoplasm followed by cytoplasmic accumulation of the protein prior to the formation of α-synuclein aggregates, is believed to be one of the earliest steps in the pathogenesis of MSA. 77, 78 Indeed, the interaction between TPPP/p25α, a potent stimulator of α-synuclein aggregation, and α-synuclein promotes its phosphorylation and aggregation into insoluble oligomers which later form GCIs. [78] [79] [80] Although the cause of TPPP/p25α redistribution in MSA is unknown, one recent study found that TPPP/p25α co-localized with mitochondrial proteins in the oligodendroglial cytoplasm of both sporadic MSA patients and one familial MSA patient carrying mutations in the COQ2 gene. 81 This indicates that mitochondrial dysfunction may lead to secondary TPPP/p25α relocation in both sporadic and familial forms of MSA.
The fact that neurons degenerate in MSA, a disease in which α-synuclein aggregates are primarily found in oligodendrocytes and not in neurons, suggests that α-synuclein aggregates in oligodendrocytes perturb the ability of these cells to provide trophic support to neurons. This is supported by a recent study which found decreased expression of glial-derived neurotrophic factor (GDNF) in transgenic mice expressing human α-synuclein under the control of an oligodendrocytic (MBP) promoter, but no change in GDNF levels were observed in transgenic mice expressing human α-synuclein under the control of neuronal (PDGFβ or mThy1) promoters. 82 Consistent with this, the same study also found decreased GDNF expression in frontal cortex white matter and in the cerebellum of MSA patients. Furthermore, intracerebroventricular infusion of GDNF improved behavioral deficits and ameliorated neurodegenerative pathology in MBP-human-α-synuclein transgenic mice. Likewise, another study treated PLPhuman-α-synuclein transgenic mice with rasagiline, a monoamine oxidase-B inhibitor that is reported to increase expression of GDNF, 83 and found that the T r a n s l a t i o n a l r e s e a r c h drug ameliorated motor deficits and significantly reduced neuronal loss in the striatum, substantia nigra pars compacta, cerebellar cortex, pontine nuclei, and inferior olives. 84 Taken together, these studies indicate that α-synuclein expression in oligodendrocytes may impact the trophic support provided by oligodendrocytes to neurons, thereby contributing to neurodegeneration in MSA.
Conclusion
The emerging role of oligodendrocytes as key players that provide tropic support to neuronal axons has paved the way for a better understanding of the contribution of dysfunctional axon-oligodendrocyte coupling in neurodegenerative diseases. Here we have reviewed the growing evidence demonstrating that oligodendrocyte dysfunction plays an important role in several neurodegenerative diseases, including Alzheimer disease, amyotrophic lateral sclerosis, and multiple system atrophy. Given that aging is the single greatest risk factor for all of these diseases, age-related myelin deterioration could be an underlying neuropathological mechanism leading to neuronal dysfunction. Novel therapeutic approaches aimed at mimicking or increasing trophic support, ideally by restoring axon-oligodendrocyte coupling could be beneficial in a wide range of neurodegenerative diseases. o Disclosure/Acknowledgements: The authors declare that they have no conflicts of interest. Our research is supported by grants of the DFG (CNMPB and SPP1757), the Adelson Foundation, and an ERC Advanced grant to KAN. CD is supported by a PhD fellowship of the Boehringer Ingelheim Fonds.
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